The combination of the surface science techniques (STM, XPS, ARPES) and density-functional theory calculations was used to study the decoupling of graphene from Ni(111) by oxygen intercalation. The formation of the antiferromagnetic (AFM) NiO layer at the interface between graphene and ferromagnetic (FM) Ni is found, where graphene protects the underlying AFM/FM sandwich system. It is found that graphene is fully decoupled in this system and strongly p-doped via charge transfer with a position of the Dirac point of (0.69 ± 0.02) eV above the Fermi level. Our theoretical analysis confirms all experimental findings, addressing also the interface properties between graphene and AFM NiO.
I. INTRODUCTION
Graphene (gr), a single layer of carbon atoms arranged in a honeycomb lattice, and its derivatives (flakes, quantum dots, nanoribbons, etc.) attract a lot of attention in the last decade due to its unique electrical and mechanical properties [1] [2] [3] [4] . However, despite the tremendous success in the lab-based research, the lack of the "killer" graphene-based applications limits the spread of the graphene technology in our daily life [5, 6] . For example, implementation of graphene in the present-day scalable semiconducting technology requires its synthesis on insulating or semiconducting substrates. Presently this is only possible on h-BN [7] [8] [9] [10] and Ge [11] [12] [13] [14] [15] substrates at the conditions which cannot be easily adapted.
Therefore, a new approach to synthesize the graphene/insulator systems was recently developed. It consists of the preparation of graphene on metallic or semiconducting layers via standard chemical vapour deposition (CVD) technique or intercalation under graphene, followed by the oxidation of the underlying metal or semiconductor at relatively high pressure of oxygen. This procedure was used in several recent works, where nearly free-standing graphene on bulk or surface oxide layers was prepared [16] [17] [18] [19] [20] [21] .
This approach can also be used for the fabrication of graphene-protected systems [22] [23] [24] . Here as a first example one can consider the synthesis of the exchange biased epitaxial AFM/FM system under graphene, with AFM NiO and FM Ni having Neel and Curie transition temperatures well above the room temperature (AFM: antiferromagnet; FM: ferromagnet). The first attempt to prepare the graphene/NiO/Ni system was undertaken in Ref. 25 demonstrating the partial oxidation of Ni under graphene with formation of NiO islands at the interface. Neither structural nor electronic properties studies for the gr/NiO/Ni system can be found in the literature up to now.
In the present paper we demonstrate successful complete intercalation of oxygen under graphene on Ni(111). We found that AFM NiO layer is formed at the interface between graphene and the FM Ni. The process of intercalation was monitored with scanning tunneling microscopy (STM) and x-ray photoelectron spectroscopy (XPS). Angle-resolved photoelectron spectroscopy (ARPES) experiments performed on graphene/NiO/Ni(111) showed that graphene is fully decoupled from the underlying substrate and strong p-doping of graphene is found with a position of the Dirac point (E D ) of (0.69±0.02) eV above the Fermi level (E F ). All experimental results are analysed in the framework of the density-functional 2 theory (DFT) approach and good agreement between experimental and theoretical data is found.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
Experiments were performed in two different ultrahigh vacuum (UHV) systems (STM and XPS/ARPES) applying similar sample preparation conditions (Fig. 1) . In both cases, the same Ni(111) single crystal was used as a substrate for graphene growth. Prior to every experiment, Ni(111) was cleaned via cycles of ion-sputtering (Ar + , 800 eV, p = 1 × 10 −5 mbar, The duration of this procedure determined the amount of intercalated oxygen; however, comparison with the preparations conditions which were used for oxygen intercalation in gr/Ru(0001) [21] shows that for the formation of the fully decoupled layer of graphene on Ni(111) the oxygen dose has to be at least by factor of 10 higher compared to the former case. This difference is addressed in Sec. III.
All STM experiments were carried out in an UHV system (base pressure 5 × 10 −11 mbar) equipped with an Omicron variable-temperature scanning tunneling microscope. STM measurements were performed in the constant current mode at room temperature using electro- Spin-polarised DFT calculations based on plane-wave basis sets of 500 eV cutoff energy were performed with the Vienna ab initio simulation package (VASP) [26] [27] [28] .The PerdewBurke-Ernzerhof (PBE) exchange-correlation functional [29] was employed. The electron-ion interaction was described within the projector augmented wave (PAW) method [30] with Ni (3d, 4s), O (2s, 2p), and C (2s, 2p) states treated as valence states. The Brillouinzone integration was performed on Γ-centred symmetry reduced Monkhorst-Pack meshes using a Gaussian smearing with σ = 0.05 eV, except for the calculation of total energies.
For those calculations, the tetrahedron method with Blöchl corrections [31] was used. A 3 × 3 × 1 k-mesh was used in the case of ionic relaxation and 6 × 6 × 1 for single point calculation, respectively. The DFT+U scheme [32, 33] was adopted for the treatment of Ni 3d orbitals, with the parameter U ef f = U − J = 8 eV, which yields a band gap of 4.2 eV for the bulk NiO, in good agreement with the experimental value, 4.3 eV [34] . Dispersion interactions were considered adding a 1/r 6 atom-atom term as parameterised by Grimme ("D2" parameterisation) [35] . Considering the ARPES map of gr/Ni(111) (Fig. 6(a) ), the strong modification of the electronic structure of a graphene layer is observed. As discussed in a series of previous works [37, 38, 51, 52] , the strong doping of a graphene layer and hybridization of the Ni 3d
and graphene π valence band states lead to the shift of the graphene π bands by ≈ 2.5 eV below E F at the K point, where a series of Ni 3d-C p z hybrid states is formed. This effect leads to the strong redistribution of the valence band states in graphene and Ni and, e. g., induced magnetism in graphene layer was detected [43] , which was also later confirmed for other gr/FM interfaces [53] [54] [55] [56] .
Intercalation of oxygen in gr/Ni(111) leads to the drastic changes in the observed ARPES picture [ Fig. 6(b) ]. The electronic structure of a graphene layer in the vicinity of E F is fully for this system (inset of Fig. 3(a) ), where additional LEED patterns are visible. This effect can be connected with the appearance of misoriented graphene areas due to the relatively large lattice mismatch between graphene and NiO(111) (see discussion below).
DFT. The electronic structure of gr/NiO(111)/Ni(111) was studied in the framework of the DFT approach. Structural optimizations show that graphene-substrate distance is increased from 2.11Å for gr/Ni(111) to 2.64Å for gr/NiO(111). As stated in Sec. II the band structure of the lattice-matched gr/Ni(111) interface was calculated for the (1 × 1) unit cell and the one for gr/NiO(111) was calculated in the supercell geometry. The corresponding results are shown in Fig. 7 (a) and (b) . The presented band structure for gr/Ni(111) is in perfect agreement with previously published data [37, 38, 51, 54] , where one can clearly see that the original band structure of graphene is fully destroyed and a series of the hybrid Ni-C interface states is formed.
After oxygen intercalation in gr/Ni(111), a thin layer of NiO is formed underneath graphene and this layer is oxygen terminated. Therefore in our DFT calculations graphene was placed on the O-terminated NiO(111) slab in the supercell geometry. The resulting band structure of graphene in this system, which was unfolded on the (1 × 1) unit cell of graphene is shown in Fig. 7 (b) . [The plotted discrete band structure is due to the unfolding procedure and complicated unit cell of the gr/NiO(111) interface.] The restoring of the original linear dispersion of the π states in the band structure of the free-standing-like graphene layer is 8 clearly visible. Our DFT calculations show that graphene in the gr/NiO system is strongly p-doped with the position of the Dirac point at E − E F ≈ 0.72 eV, that is in a very good agreement with the value extracted from the experimental data. The effect of decoupling of graphene from the substrate after oxygen intercalation is also demonstrated in Fig. 7 (c) and (d), where electron density difference ∆ρ is presented for gr/Ni(111) and gr/NiO(111),
respectively. In agreement with the band structures one can see that in the former case the strong hybridization between Ni 3d and graphene π states is observed. In case of the gr/NiO(111) interface, a graphene layer is fully decoupled from the substrate and only the effect of the charge transfer, i. e. the p-doping of graphene, is observed.
IV. CONCLUSIONS
In our work we demonstrate the successful intercalation of molecular oxygen in gr/Ni (111) and formation of a graphene-protected AFM/FM system. This process leads to the formation of a thin NiO layer as deduced from our experimental data. In the gr/NiO interface, a graphene layer is fully decoupled from the substrate, demonstrating nearly free-standing 
